Death receptors of the TNF family are found on the surface of most cancer cells and their activation typically kills cancer cells through the stimulation of the extrinsic apoptotic pathway. The endogenous ligand for death receptors 4 and 5 (DR4 and DR5) is TNF-related apoptosis-inducing ligand, TRAIL (Apo2L). As most untransformed cells are not susceptible to TRAIL-induced apoptosis, death receptor activators have emerged as promising cancer therapeutic agents. One strategy to stimulate death receptors in cancer patients is to use soluble human recombinant TRAIL protein, but this agent has limitations of a short half-life and decoy receptor sequestration. Another strategy that attempted to evade decoy receptor sequestration and to provide improved pharmacokinetic properties was to generate DR4 or DR5 agonist antibodies. The resulting monoclonal agonist antibodies overcame the limitations of short half-life and avoided decoy receptor sequestration, but are limited by activating only one of the two death receptors. Here, we describe a DR4 and DR5 dual agonist produced using Surrobody technology that activates both DR4 and DR5 to induce apoptotic death of cancer cells in vitro and in vivo and also avoids decoy receptor sequestration. This fully human anti-DR4/DR5 Surrobody displays superior potency to DR4-and DR5-specific antibodies, even when combined with TRAIL-sensitizing proapoptotic agents. Moreover, cancer cells were less likely to acquire resistance to Surrobody than either anti-DR4 or anti-DR5 monospecific antibodies. Taken together, Surrobody shows promising preclinical proapoptotic activity against cancer cells, meriting further exploration of its potential as a novel cancer therapeutic agent. Mol Cancer Ther; 15(1); 114-24. Ó2015 AACR.
Introduction
TNF-related apoptosis-inducing ligand (TRAIL), also known as Apo2 ligand, belongs to the TNF superfamily of proteins. Many cancer cells have been shown to be sensitive to TRAIL-induced killing, while normal cells are generally resistant, making TRAIL an attractive cancer therapy agent. TRAIL binds to at least five receptors. DR4 (Trail receptor 1) and DR5 (Trail receptor 2) are transmembrane receptors that have an intracellular death domain (DD) that is essential for recruitment of death-inducing signaling complex (DISC) and subsequent induction of apoptosis via caspase activation. The other three receptors lack the death-inducing activity. DcR1 (decoy receptor 1) and DcR2 (decoy receptor 2) bind TRAIL but lack, or have a truncated death domain, respectively, and are believed to sequester TRAIL and modulate apoptosis triggered by DR4 and DR5. A less-studied soluble receptor osteoprotegerin (OpG) has also been shown to bind TRAIL but its role in modulating effects of TRAIL remains poorly understood.
Recombinant human TRAIL activates both DR4 and DR5, but has limited clinical utility because it is rapidly hydrolyzed in blood, resulting in a very short half-life of less than an hour (1-3). In addition, TRAIL can be bound by decoy receptors, which further limits its utility. As an alternative to TRAIL, highly specific agonistic antibodies targeting individual death receptors that avoid decoy receptor binding have been generated and developed as clinical therapeutics (4, 5) . These antibodies are generally safe and exhibit substantially improved pharmacokinetic properties compared with TRAIL, with serum half-lives on the order of days, rather than minutes (6) (7) (8) (9) (10) (11) (12) . However, the specificity of these antibodies has restricted their activity to either DR4 or DR5 and limited their use to cancer cells that express the relevant target receptor. Even with these inherent limitations, some progress has been made with multiple strategies for targeting death receptors in cancer therapy and several agents have been tested in multiple clinical trials, either as single agents or in combination with other chemotherapeutic drugs (13, 14) .
To overcome current specificity limitations, we utilized a previously described Surrobody protein scaffold (15) to discover a DR4/5 dual agonist. Surrobodies are derived from a pre-B-cell receptor that is composed of a diversified immunoglobulin heavy chain complexed with invariant surrogate light chain that together confer specific high-affinity binding to their targets. We screened human Surrobody libraries and discovered a very specific Surrobody with a single heavy chain variable region that binds and activates both DR4 and DR5 with high affinity and potency. The presence of a single heavy chain that is capable of binding both DR4 and DR5 eliminated a common problem of assembly of typical chimeric bispecific antibodies formed from two heavy and two light chains that target two different antigens. Importantly, this dual agonist Surrobody specifically induces apoptosis through both death receptors and, unlike TRAIL, does not bind decoy receptors. In addition, we present preliminary evidence suggesting that Surrobody is less likely to incur resistance compared to monospecific death receptor agonist antibodies. Moreover, we show that this dual agonist Surrobody is capable of synergizing with sensitizing agents to further enhance its clinical potential against apoptosis resistance. Taken together, the overall properties of the death receptor dual agonist Surrobody provides an improvement over monospecific death receptor antibodies, warranting further evaluation as a potential novel agent for cancer therapy.
Materials and Methods

Reagents
The death receptor dual agonist Surrobody was provided by Sea Lane Biotechnologies. DR4 antibody was synthesized from patent literature sources (US 7,361,341) and DR5 antibody was synthesized based upon patent literature sources (EP1844077). Surrobody, DR4-and DR5-specific antibodies were expressed in FreeStyle 293-F cells (Invitrogen) by transient transfection of heavy chain and light chain plasmids. Cultures were cleared of cells and Surrobody or antibodies purified by a single Protein A chromatography step. The purified Surrobody and antibodies were buffer exchanged into PBS pH 7.4 lacking calcium and magnesium (Gibco), sterile filtered and stored at 2 to 8 C. Proteins were analyzed by size exclusion chromatography, reducing and nonreducing SDS-PAGE ( Supplementary Fig. S1 ) to assess aggregation, purity and integrity. Anti-DR4-PE, anti-DR5-PE, and IgG isotype control antibodies were obtained from eBioscience (cat no. 12-6644-41, 12-9908-41 and 12-4714). Anti-cleaved CAS-PASE 3 (cat no. 9661), anti-cleaved CASPASE-8 (cat no. 9496), anti-PARP (cat no. 9542) antibodies are from Cell Signaling Technology.
Cell culture
MDA-MB-231, SKOV3, OVCAR-3, OVCAR-5, MDA-MB-468, Ramos, Jurkat, PC3 and cells were obtained from ATCC and were grown in RPMI medium with 10% FBS, 2 mmol/L glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin. HCT116 cells were grown in McCoy media with same additives. For three-dimensional spheroid cell growth, MDA-MB-231 cells were plated at a density of 3,000 cells/well in ultra low attachment 96-well round bottom plates (Corning; cat no. 7007). 267B1 cells were a kind gift from Dr. Dritschilo (16) and were grown in RPMI with 10% FBS, 2 mmol/L glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin. All cell lines were obtained from ATCC and were either cultured less than 6 months or were resuscitated from the expanded ATCC stocks that were less than 6 months old.
Immunoblot analysis
MDA-MB-231 cells were plated in 12-well plates and the next day they were treated with 1 nmol/L of DR agonist for 3 hours. In the case of Surrobody, DR4 and DR5 antibodies, protein G was added at 0.5 nmol/L to produce 0.5Â molar ratio. Three hours after treatment, cells were lysed in Laemmli sample buffer and were run on SDS-PAGE, followed by immunoblotting using antibodies directed against cleaved caspase-3, cleaved caspase 8, PARP, and actin.
Caspase activity assays
MDA-MB-231 cells were plated at 1,500 cells/well in 40 mL media in 384-well flat bottom plates (Greiner Bio-One). The next day, 10 mL of media containing various concentrations of DR agonists, preincubated for 5 minutes with 0.5Â molar ratio of protein G, was added for 3 hours. For measuring effector caspase activity, 40 mL of the caspase-3,7 reagent (Promega; cat. No. G6410) was added directly into wells and the plates were shaken for 30 minutes at room temperature. Luminescence was measured according to manufacturer's instructions. For caspase-8 activity measurements, 40 mL of caspase-Glo 8 reagent was added to wells together with MG132 (as recommended by the manufacturer, at 60 mmol/L final concentration) and the plates were shaken for 1 hour at room temperature prior to measuring luminescence.
Cell viability assay
For monolayer cultures, all cell lines were plated at 750 cells/ 384 well in 50 mL media and the next day the cells were treated with increasing concentrations of DR agonists for 48 hours. To compare relative amounts of cell survival, 30 mL of Cell Titer Glow reagent was added into wells and the plates were shaken for 20 minutes, followed by detection of luminescence according to manufacturer's recommendations (Promega Cat. No. G7570). For spheroid cultures, MDA-MB-231 cells were plated at 2,000 cells/well in ultralow attachment 96-well plates in 100 mL media. Cells were grown for 8 days, at which time spheroids reached diameters of approximately 750 nm. Spheroid cultures were treated with DR4, DR5, or death receptor dual agonist at 1,000 ng/mL or with TRAIL at 20 ng/mL, which were added to well in 10 mL PBS. Before addition to cells, all the antibodies and Surrobody were incubated for 5 minutes with 0.5Â molar ratio of protein G to facilitate clustering. After 2 days, 60 mL of Cell Titer Glow reagent was added and luminescence measurements were recorded. Data were expressed as % survival compared with 100% survival of PBS diluent control.
Generation of DR4, DR5, and TRAIL-resistant clones
MDA-MB-231 clones resistant to DR4, DR5, DR4þDR5, and TRAIL were generated by culture for 3 weeks in 10 mL medium containing DR agonists in 100 mm dishes. Briefly, anti-DR4 antibody (500 ng/mL), anti-DR5 antibody (1,000 ng/mL), or the combination of anti-DR4 and anti-DR5 (250 ng/mL each), or TRAIL (50 ng/mL) was added to media, which was changed every 3 days for a total of 3 weeks. Before addition to cells, all the monospecific antibodies and Surrobody were incubated for 5 minutes with 0.5Â molar ratio of protein G to facilitate clustering. Resistant clones were allowed to grow until they reached sizes visible to the naked eye. The clones were detached using a drop of trysin and recovered cells were transferred into fresh plates and grown under continued selection pressure. At least two clones from each treatment were tested for resistance and the most resistant clone from each treatment was selected for further study.
Tumor xenograft studies
Male, 6-week-old nude mice were obtained from Charles River Laboratory. Animals were fed standard mouse chow and tap water, and maintained under 12 hours dark/light cycle at 21 C. Male, 6-week-old nude mice were injected bilaterally subcutaneously with 3 Â 10 6 Colo-205 cells in 100 mL PBS. When the tumors had reached a volume of approximately 100 mm 3 , mice were treated intravenously with either PBS or DR4 antibody, DR5 antibody or dual agonist Surrobody at a concentration of 3 mg/kg twice a week for a total of four treatments. Tumor dimensions were measured twice weekly using a digital caliper and tumor volume was calculated using the formula (width 2 Â length)/2. The weight of the mice was also measured twice weekly as a general measurement of health.
Generation of DR4 and DR5 gene knockout cells pX330 S.Pyogenes Cas9 vector was obtained from Addgene and used to generate vectors containing DR4 or DR5 receptortargeting guide RNAs according to the previously developed protocols (17) . Briefly, pX330 was digested using BbsI, followed by cloning of the annealed oligonucleotides targeting DR4 and DR5 receptor genes. For targeting DR5 receptor, 5 0 -CACCGAGAACGCCCCGGCCGCTTCG-3 0 and 5 0 -AAACCGAA-GCGGCCGGGGCGTTCTC-3 0 were used, while for targeting DR4 receptor, 5 0 -CACCGCTTCAAGTTTGTCGTCGTCG-3 0 and 5 0 -AAACCGACGACGACAAACTTGAAGC-3 0 were used. These vectors were transfected into MDA-MB-231 cells using Lipofectamine 2000 and after five days, the presence of nicking and nonhomologous end joining was assayed by PCR amplification of the targeted genomic regions corresponding to either DR4 or DR5 receptors, followed by SURVEYOR assay as previously described (17) . Once the presence of nicked clones was confirmed, we selected cells that contained the knockout of DR4 or DR5 by staining with anti-DR4-PE and anti-DR5-PE antibodies, and sorted by FACS into populations that do or do not express the receptors. A pool of sorted DR4 and DR5 knockout cells was used in subsequent cell viability assays.
Results
We assessed a collection of more than 300 unique clones found by panning a human phage displayed Surrobody library against either human DR4 or DR5, essentially as described (15, 18) to identify a DR4 and DR5 cross-reactive Surrobody. The resulting cross-reactive clone was reformatted and expressed as a bivalent Surrobody using full-length heavy chains in HEK293 cells as previously described (15) . The resulting Surrobody (Supplementary Figs. S1 and S2) was transiently expressed at levels yielding routinely nearly 100 mg/L of culture and formed the basis of all subsequent analysis. ELISA-based assays showed the resulting Surrobody bound to both DR4 and DR5, but no binding to DcR1, DcR2, or OPG was detectable, even at concentrations as high as 1,000 nmol/L (Supplementary Fig. S3 ). In addition, we developed a "sandwich" ELISA and showed that Surrobody can bind DR4 and DR5 simultaneously ( Supplementary Fig. S4 ). This is in sharp contrast to previously reported specific binding of anti-DR4 and anti-DR5 antibodies to DR4 and DR5 receptors, respectively, without any cross-reactivity even at high concentrations (4, 5) .
To establish the dual agonist bioactivity of the DR4/DR5-binding Surrobody, we first tested it on Ramos and Jurkat cell lines, which are responsive to only DR4 or DR5 activation, respectively ( Fig. 1A and B 
This is in sharp contrast to previously described DR4 and DR5 monospecific agonist antibodies (patent US 7,361,341 and EP1844077, respectively) that are only capable of killing either Ramos or Jurkat cells, respectively.
Next, we tested the death receptor dual agonist against a broad panel of TRAIL-sensitive human cancer cell lines of multiple tissue origins. The TRAIL-sensitive tumor cell lines we evaluated included the triple-negative breast cancer line MDA-MB-231, the colon cancer lines Colo-205 and HCT116, and the ovarian cancer lines Ovcar-3 and Ovcar-5 ( Fig. 1C-G) . We used flow cytometry for receptor profiling and found that all of these cell lines express both DR4 and DR5 at various levels (Supplementary Table S1A and S1B). In general, the tumor cell lines exhibited varied sensitivity to conventional DR4-and DR5-activating antibodies ( Fig. 1 ) that did not always correlate with respective DR4 or DR5 expression, consistent with previous reports. In addition, sensitivity to TRAIL was also varied, with potencies greater than, less than, or comparable with the DR4 or DR5 antibodies. However, in every case, the death receptor dual agonist Surrobody was as potent as or more potent than, the best agonist among TRAIL, anti-DR4 or anti-DR5 monospecific antibodies.
Most interesting was that the death receptor dual agonist Surrobody potency was markedly better than the combined anti-DR4/DR5 antibody mixture. In fact, the mixture of anti-DR4 and anti-DR5 monospecific antibodies typically resulted in cell killing with potencies intermediate to either anti-DR4 or anti-DR5 alone ( Fig. 1) , rather than producing an additive or synergistic effect.
As tumors do not naturally progress as monolayer growths, we tested an in vitro propagated three-dimensional tumor spheroid culture model as a tumor surrogate to study the effects of death receptor agonists. For this model, we selected MDA-MB-231 cells, culturing the cells in ultralow attachment plates, which lack the typical adhesion surface of classical cell culture plastic dishes. Under these growth conditions, the cancer cells form spheres and grow as a single mass. Using this three-dimensional tumor spheroid assay, the dual agonist Surrobody demonstrated significantly more potent suppression of in vitro tumor spheroid growth than either DR4 or DR5 monospecific antibody or even the combination of these antibodies, but slightly less than TRAIL (Fig. 2) . Again, the combination of monospecific anti-DR4 and anti-DR5 antibodies did not result in additional growth suppression than either antibody alone.
On the basis of the previously reported importance of receptor crosslinking to induce receptor clustering (19), we used 0.5Â molar ratio of protein G to aid in DR4, DR5 and Surrobody-induced receptor clustering in all of our cell culture assays. To test the importance of receptor clustering, we treated MDA-MB-231 cells with Surrobody that has been cross-linked with increasing molar ratio of protein G and found that it was essential for cell death and that higher receptor clustering increased cell death ( Supplementary Fig. S5A ).
Interestingly, it was previously reported that use of protein G is dispensable in vivo in xenograft studies, as there are other factors such as endogenous Fc receptors that induce death receptor clustering following treatment with anti-DR4 and anti-DR5 antibodies (19) (20) (21) . To test if Surrobody can induce cell death without protein G clustering in vivo, we compared the antitumor activities of DR4 antibody, DR5 antibody and Surrobody in Colo-205 tumor xenograft studies. Briefly, we implanted Colo-205 cells subcutaneously bilaterally into immunocompromised mice and allowed five days for the tumors to grow to approximately 100 mm 3 before initiating treatment. Mice received intravenous injection of 3 mg/kg of antibodies twice per week for a total of four treatments. By day 18, the tumors in the PBS vehicle-treated animals reached 1,000 mm 3 in size that served as an endpoint for termination. In sharp contrast, the tumors of the Surrobody-treated mice began to shrink shortly after the start of treatment and all the tumors completely disappeared by day 15. We found that DR5 antibody and Surrobody displayed similar antitumor activity, whereas DR4 antibody reduced the rate of tumor growth, but was unable to eradicate the tumors (Fig. 3A) . At day 25 following tumor implantation, 10 of 10 anti-DR4-treated mice still had palpable tumors, with one mouse having a tumor that reached endpoint size of over 1,000 mm 3 . Detailed comparison of anti-DR5 antibody and anti-DR4/DR5 Surrobody responses (Fig. 3B) showed that 10 of 10 Surrobody-treated mice achieved complete response with no palpable tumors observed from day 15 until the end of the study. In the case of anti-DR5-treated mice, 3 of 10 mice showed complete response by day 15, and by the end of the study 4 of 10 mice showed complete response, while 6 mice still had palpable tumors (Fig. 3B) .
We did not observe any toxicities of Surrobody during the study, inasmuch as the mice looked healthy, did not lose weight, and the histologic examination of various tissues at the end of the study did not reveal any toxicities (Supplementary Fig. S6 ). However, given that Surrobody does not bind to mouse death receptor, these observations address non-specific toxicity, but cannot address the toxicity of Surrobody binding to death receptors in normal tissues.
To preliminarily explore the effect of Surrobody on normal cells, we used non-transformed immortalized human prostate epithelial cell line 267B1. We show in Supplementary Fig. S5B that higher concentrations of Surrobody were required to induce death of 267B1 cells (IC 50 5.83 nmol/L) than any of the tested cancer cell lines (IC 50 values ranging from 0.05-1.68 nmol/L). Moreover, Surrobody displayed only a limited ability to induce 267B1 cell death, with a maximum of 40% death at saturating concentrations of antibody. Because the anti-DR4/DR5 Surrobody described here cross-reacts with primate species, preclinical in vivo drug safety studies can be conducted in the future to more definitely assess the impact on normal tissues. The preliminary cell culture data suggest differential sensitivity of transformed versus nontransformed human cells and thus the possibility of a therapeutic index.
It is highly intriguing that unlike monolayer Colo-205 cells that are more sensitive to anti-DR4 antibody, Colo-205 cells implanted in mice as xenografts displayed higher sensitivity to anti-DR5 antibody. This is similar to our observation that MDA-MB-231 cells display "reversed" sensitivity to anti-DR4 and anti-DR5 antibodies when they were grown in monolayers versus spheres. It is possible that DR expression levels and signaling pathways change as the cancer cells adapt to their microenvironment from monolayer cultures to more dense and less nutrient accessible three-dimensional spheres or in vivo tumors.
To confirm the apoptotic mechanism of action and provide an opportunity to compare the death receptor dual agonist activities with the single specificity antibodies and TRAIL, we assessed the cellular activation of apoptotic caspases by using luminogenic caspase-8 and caspase-3 assays. In the first case, we used a peptide substrate containing an "IETD"-containing sequence that becomes luminogenic upon proteolytic cleavage by CASPASE-8 (Caspase 8 Glo). This assay revealed concentration-dependent increases in CASPASE-8 activity in MDA-MB-231 cells following treatment with death receptor dual agonist and the other TRAIL receptor agonists. We found that the death receptor dual agonist Surrobody had comparable potency to TRAIL (IC 50 ¼ 0.23 nmol/L vs. 0.17 nmol/L), but greater potency than either of the anti-DR4 or anti-DR5 monospecific antibodies (IC 50 ¼ 0.66 nmol/L and 3.9 nmol/L, respectively). To measure the activity of downstream effector caspases, CASPASE-3 and CASPASE-7, we used a second luminogenic peptide substrate that contains "DEVD"-containing sequence (Apo Live Glo). Again the death receptor dual agonist Surrobody induced CASPASE-3/7 activity with similar potency to TRAIL (0.17 nmol/L and 0.13 nmol/L, respectively), and with superior potency to either anti-DR4 or anti-DR5 monospecific antibodies (0.64 nmol/L and 3.98 nmol/L, respectively). Interestingly, the mixture of the DR4 and DR5 monospecific antibodies displayed potencies between those of single antibody treatments (CASPASE-8 IC 50 ¼ 0.77 nmol/L; CASPASE-3/7 IC 50 ¼ 0.79 nmol/L; Fig. 4A and B) .
We next tested the ability of Surrobody, DR4, DR5, antibodies and TRAIL to induce apoptotic signaling of CASPASE-8, CASPASE-3, and PARP cleavage. Briefly, MDA-MB-231 cells were treated with DR agonists and the cell lysates were examined by immunoblot analysis for the hallmark proteolytic events associated with apoptotic signaling and caspase activation. We found greater amounts of the apical CASPASE-8 in its cleaved form in cells treated with the Surrobody and TRAIL compared to either the DR4 or DR5 monospecific antibodies alone, or the combination of the DR4 and DR5 monospecific antibodies. This CASPASE-8 processing is readily apparent by the detection of immunoreactive bands migrating at approximately 18 kDa that represent the fully processed form of CASPASE-8. By comparison, the DR4 or DR5 monospecific antibodies, when used alone or combined, mainly produced the partially cleaved forms of CASPASE-8 corresponding to the 44/42 kDa bands (Fig. 4C) , suggesting less efficient activation of CASPASE-8, which is consistent with the results obtained using CASPASE-8 peptide-based luminescent activity assay (Fig. 4A) .
Similarly, we found higher levels of cleaved CASPASE-3 in dual agonist Surrobody and TRAIL treated cells by immunoblot analysis using an antibody specific for the 17/19 kDa cleaved form of CASPASE-3 that coincides with the active form of the enzyme. As shown in Fig. 4C , treatment with anti-DR4 antibody alone or in combination with anti-DR5 antibody was less effective than Surrobody or TRAIL, which showed similar accumulation of processed CASPASE-3. Notably, the anti-DR5 antibody induced only a minor accumulation of processed CASPASE-3.
Finally, we examined PARP cleavage by the disappearance of the full-length form and appearance of its 89 kDa cleaved fragment. By this measure, Surrobody and TRAIL treatment induced considerably better PARP cleavage than either DR4 or DR5 antibody treatment, whether alone, or in combination (Fig. 4C) . Immunoblot analysis of b-ACTIN levels confirmed that the relative changes in the cleaved forms of these proteins were not attributed to protein loading inequalities. As shown above, the death receptor dual agonist Surrobody is capable of specifically activating apoptotic signal transduction through death receptor engagement. However, it is well known that tumors are heterogeneous in their abilities to fully transduce apoptotic signaling due to insufficient caspase activation or often due to cellular expression of antiapoptotic proteins. In either case, this results in various levels of resistance. One countermeasure is concomitant treatment or pretreatment with sensitizing agents to enhance or restore apoptotic signaling to reduce or eliminate resistance. To determine whether adding known TRAIL-sensitizing chemical compounds would negate the advantages of the Surrobody compared with monospecific anti-DR4 or anti-DR5 antibodies, we tested the effects of drug combinations on two TRAIL-resistant tumor cell lines, MDA-MB-468 (ER-negative breast cancer) and PC3 (hormone-refractory prostate cancer line). Two different TRAIL-sensitizing agents were assessed, (i) the SMAC mimic, AEG40730 (5), which was previously shown to induce autoubiquitination and proteosomal degradation of inhibitor of apoptosis proteins c-IAP1, c-IAP2, and XIAP that have previously been implicated in TRAIL resistance (5) and (ii) the proteasome inhibitor bortezomib, which has previously been shown to synergize with TRAIL through different mechanisms, including stabilization of tBid (22) , and inhibition of the NF-kB pathway (23) .
When treated with anti-DR4 or anti-DR5 receptor agonist alone, we observed that PC3 exhibited similar resistance to all agonists while MDA-MB-468 showed a significantly increased sensitivity to the death receptor dual agonist Surrobody when compared to TRAIL, DR4 antibody, DR5 antibody, or a combination of the monospecific antibodies ( Fig. 5A and D) .
Although treatment with AEG40730 alone induced little cell death, pretreatment with AEG40730 sensitized MDA-MB-468 and PC3 cells to DR agonists. In MDA-MB-468, both Surrobody and TRAIL killed nearly all cells, while DR4 antibody-mediated cytotoxicity was only partially effective and DR5 antibody was largely ineffective even in combination with AEG40730 (Fig. 5B) . In PC3 cells, all DR agonists were potentiated with AEG40730 inducing nearly complete cell killing. However, the death receptor dual agonist Surrobody and TRAIL exhibited superior potency compared with DR4 and DR5 monospecific antibodies or the combination of the two monospecific antibodies (Fig. 5E ). In addition to SMAC mimetic, we tested the synergy of DR agonists with bortezomib. In this case, TRAIL and Surrobody showed similar potency in inducing death of MDA-MB-468 cells, whereas anti-DR4 and anti-DR5 monospecific antibodies had only minimal effects (Fig. 5C ). In the case of PC3 cells, all DR agonists were potentiated only partially with bortezomib (Fig. 5F ). We conclude, therefore, that even in the presence of TRAIL-sensitizing chemical compounds, the dual DR4/DR5 agonist Surrobody generally shows superior cytotoxic activity compared with monospecific anti-DR4 or anti-DR5 antibodies.
Given that resistance is a common problem in cancer therapy, we compared the general ability of the death receptor dual agonist Surrobody and other death receptor agonists to induce resistance in cancer cells following prolonged treatment. To address this question, we plated MDA-MB-231 cells at a very low density and allowed them to grow for 9 days in the presence of increasing concentrations of anti-DR agonists. We observed a number of colonies that survived in cultures treated with the individual DR4 and DR5 monospecific antibodies, a combined mixture of the anti-DR4/anti-DR5 antibodies, and even TRAIL ( Supplementary  Fig. S7 ). However, MB-MDA-231 cells developed the least resistance to the death receptor dual agonist Surrobody, as reflected by the lowest number of surviving tumor colonies. For example, no viable colonies were detected following treatment with the death receptor dual agonist Surrobody at 1.6 nmol/L, whereas colonies were readily detectable following treatment with other DR agonists at the same concentration.
To better understand the characteristics of receptor-induced resistance we profiled the levels of resistance of the survivor clones produced as described above. Briefly, we isolated single MDA-MB-231 clones resulting from treatment with anti-DR4, anti-DR5, or TRAIL for 9 days and then reinforced their resistance by continuing to grow them under the same DR agonist pressure for additional period of 3 weeks. Next, we tested whether these resistant clones were resistant only to the DR agonist used for their selection, or whether they developed resistance to all DR agonists as a general mechanism of apoptotic inhibition (Fig. 6) . We found that MDA-MB-231 cells that developed resistance to either anti-DR4 or anti-DR5 monospecific antibody pressure did not simultaneously exhibit cross-resistance to the untargeted death receptor. Moreover, we found that the death receptor dual agonist Surrobody retained the ability to kill either of the single receptor-resistant cells.
In the case of DR4-resistant cells, the death receptor dual agonist Surrobody efficacy was superior to TRAIL (which was approximately 50% effective). Also, the Surrobody showed higher potency than the anti-DR5 monospecific antibody against DR4-resistant cells. In the case of the DR5-resistant cell lines, Surrobody, TRAIL, and the anti-DR4 monospecific antibody all displayed potent cytotoxicity. For the resistant cell lines derived from TRAIL pressure, all DR agonists retained some efficacy, but none to the extent achieved by the dual agonist Surrobody. Finally, the resistant cells derived from simultaneous pressure of anti-DR4 and anti-DR5 antibodies remained resistant to all DR agonists tested. Remarkably, under the same resistance selection conditions (3-week incubation with approximately 3.3 nmol/L of the death receptor dual agonist Surrobody), the MDA-MB-231 cells failed to generate any resistant clones, possibly due to differences in potencies between the death receptor dual agonist Surrobody and the monospecific DR4 or DR5 antibodies, or, alternatively, because the mechanism of action of the combination of anti-DR4 and anti-DR5 agonist antibodies differed qualitatively from that of the Surrobody.
We profiled the expression of DR4 and DR5 receptors in resistant cells and found that DR5 resistant cells had a reduced expression of DR5 receptors, while DR4 resistant cells still expressed DR4 receptors (Supplementary Table S1B ). This finding suggests that diverse mechanisms can contribute to resistance and may not necessarily include the regulation of death receptor expression. Further investigation would be required to determine if DR4 receptor expressed on the cell surface of DR4 resistant cells cannot signal proper DISC assembly and downstream caspase activation.
To further confirm that Surrobody can induce death in cells that express only one of the death receptors, we used Crispr knockout Death receptor dual agonist Surrobody is a potent inducer of caspase activation. MDA-MB-231 cells were cultured in 384 wells (2,000 cells per well) and treated with increasing concentrations of DR agonists for 6 hours. The activity of CASPASE-8 (A) and CASPASE-3/7 (B) was assessed using caspase-8 Glo (contains IETD peptide) and ApoLive-Glo (contains DEVD peptide) reagents, respectively, from Promega, expressing data as relative luminescence units (RLU) generated per hour per 2,000 cells (mean AE SEM; n ¼ 4; C) MDA-MB-231 cells were plated at a density of 70,000 cells/well and the next day they were treated for 3 hours with DR agonists at 1 nmol/L. Before addition to cells, all the monospecific antibodies and Surrobody were incubated for 5 minutes with 0.5Â molar ratio of protein G to facilitate clustering. Cells were lysed into SDS-sample buffer and lysates were analyzed by SDS-PAGE/ immunoblotting using antibodies specific for cleaved CASPASE-8, cleaved CASPASE-3, PARP, or b-ACTIN. Molecular weight markers are indicated in kDa. Processed CASPASE-8 large (44/42 kDa) and small (18 kDa) subunits are shown. Processed CASPASE-3 large subunits (17/19 kDa) are shown.
technology to generate cells deficient in either DR4 or DR5 receptors. We show that Surrobody retained the ability to induce death of cells that were missing either of the DR receptors ( Fig. 6E  and F) . In both cases, antibodies directed against the knocked-out DR receptor were completely ineffective, while the Surrobody induced cell death. However, Surrobody was more potent in cells that were DR4-resistant than DR5-resistant, both in the case of treatment-induced resistance (Fig. 6A and B) and gene ablationmediated resistance (Fig. 6E and F) , suggesting that Surrobody's ability to induce death of MDA-MB-231 cells may rely more on DR5 than DR4 receptors.
Discussion
Encouraged by the observation that cancer cells exhibit higher sensitivity than normal cells to death receptor activation, several attempts have been made to develop recombinant TRAIL and death receptor agonist antibodies as novel anticancer agents (24) . TRAIL therapy has been tested in several clinical trials with limited success, in no small part due to its extremely short serum half-life and probably also due to decoy receptor binding (2) . An alternative strategy to overcome these limitations is to develop a longlived, highly active, dual agonist that avoids decoy receptor sequestration. To this end, we have generated a death receptor dual agonist Surrobody, which binds and activates both DR4 and DR5, avoids decoy receptors, and contains an immunoglobulin Fc for long serum half-life. Importantly, the Surrobody also binds and activates cynomolgus and rhesus DR4 and DR5 in vitro (data not shown), which would be useful in further Surrobody development. Because of its ability to induce apoptosis through either DR4 or DR5, the Surrobody differentiates itself from monospecific antibodies and has demonstrated improved or equipotent activity compared to these agents in our preclinical studies. Moreover, the death receptor dual agonist Surrobody showed greater potency than the combination of monospecific DR4 and DR5 antibodies, suggesting that it has other properties that improve efficacy that remain to be further characterized.
One recently discovered death receptor characteristic important for death-inducing activity is their ability to cluster and form higher order oligomeric molecular complexes that promote more efficient DISC assembly and CASPASE-8 activation (19, 24) . Although the composition of these clusters has not been studied in detail, it was previously shown that, in addition to homogeneous DR4 and DR5 complexes, DR4 and DR5 can also form heteromeric complexes in response to TRAIL binding (25) . Therefore, one possible explanation for the greater observed potency of the dual agonist Surrobody over the combination of DR4 and DR5 monospecific antibodies could be its ability to more efficiently cluster death receptors, possibly by forming heteromeric complexes containing both DR4 and DR5, leading to more efficient DISC assembly and induction of apoptotic signaling. Consistent with this interpretation, Surrobody treatment of MDA-MB-231 cells, which express functional DR4 and DR5, leads to a greater amount of cleavage of CASPASE-8, CASPASE-3, and PARP compared with either DR4 antibody, DR5 antibody, or their combination.
The dual agonist nature of the Surrobody also provides inherent potential therapeutic benefits not only because various cancers express different levels of DR4 and DR5 receptors and exhibit different sensitivities to their stimulation, but also because it is possible that during disease progression coincidental mutations and epigenetic changes could alter expression of death receptors (26, 27) , resulting in dynamic changes in sensitivity to receptor specific agonists. This potential for switching DR4 versus DR5 sensitivity is illustrated, for example, by our comparison of tumor cells grown in monolayer versus three-dimensional spheroid cultures. Even in cancer cells where both receptors are expressed, the relative ability of DR4 versus DR5 to transmit apoptotic signals can be highly variable (13) . For example, the Ramos cells used in this study signal exclusively through DR4, even though DR5 is highly expressed on their cell surface.
In addition, intracellular resistance can disrupt extrinsic apoptotic signaling, with a number of different mechanisms previously implicated in TRAIL resistance, including diminished were created by culturing them for 3 weeks in 500 ng/mL of anti-DR4 antibody, 1,000 ng/mL of anti-DR5 antibody, 250 ng/mL each of anti-DR4 and anti-DR5, or 50 ng/mL TRAIL. MDA-MB-231 cells that are deficient for either DR4 (E) or DR5 (F) receptors were generated using Crispr gene knockout technology. To assess the sensitivity of these resistant cells to various DR agonists, the cells were plated at a density of 750 cells/well into 384 wells and cultured with increasing concentrations of monospecific anti-DR4 antibody (pink), monospecific anti-DR5 antibody (orange), death receptor dual agonist Surrobody (bright green), or TRAIL (blue) for 48 hours. Before addition to cells, all the monospecific antibodies and Surrobody were incubated for 5 minutes with 0.5Â molar ratio of protein G to facilitate clustering. Relative cell viability was estimated from cellular ATP measurements using the Cell Titer Glo reagent (Promega), expressing data as percentage of inhibition of cell survival (mean AE SEM; n ¼ 4).
expression of CASPASE-8 and proapoptotic molecules of the BCL-2 family, as well as upregulation of antiapoptotic molecules such as c-FLIP and IAPs (13) . It has previously been shown that SMAC mimics can potentiate TRAIL-induced death of MDA-MB-231 cells (28) . Consistent with prior reports (29, 30) , we demonstrate that to some extent the extrinsic apoptotic pathway resistance of MDA-MB-468 and PC3 cells can be overcome through IAP inhibition by the SMAC mimic AEG40730 and by proteasome inhibition by bortezomib (Fig. 5) . Both AEG40730 and bortezomib exhibited better efficacy with Surrobody and TRAIL than with anti-DR4, anti-DR5, or a combination of both antibodies. This observation is also in line with a mechanism of action model where activation of both death receptors (DR4 and DR5), possibly simultaneously, is better able to induce threshold caspase activation leading to apoptotic cell death.
During disease progression, tumors often become more heterogeneous either as a result of accumulating mutations or as a result of microenvironment pressures such as nutrient deprivation and hypoxia. Tumor progression is associated with changing gene expression and it has recently been shown that hypoxia can induce multiple changes in death receptor expression (31, 32) . Therefore, a death receptor dual agonist Surrobody may be advantageous compared with monospecific antibodies when tumor progression leads to a change in death receptor expression in any given patient over time. Having dual specificity therefore provides greater opportunity to ensure that at least one of the two active death receptors will be stimulated. Interestingly, we observed that MDA-MB-231 cells grown as a monolayer display differential sensitivity to DR4 and DR5 antibodies compared to when they are grown as three-dimensional spheroids. Similarly, Colo-205 cells grown as a monolayer showed higher sensitivity to DR4 antibody, but when grown as tumor xenografts in mice, they became more sensitive to DR5 antibody. It is possible that the hypoxic environment of the spheroids and tumors modulates the death receptor expression resulting in different levels of sensitivity to DR4 and DR5 antibodies when compared to monolayer culture. In contrast to monospecific antibodies, the death receptor dual agonist Surrobody retained superior potency in monolayer and spheroid cultures, illustrating the greater flexibility achieved with this agent.
Taken together, our data provide strong support for the continued development of the death receptor dual agonist Surrobody as a novel anticancer agent that can activate DR4 and DR5 simultaneously. The dynamic expression of death receptors in response to tumor microenvironment as well as the lack of clear correlation between any single death receptor's expression and consequential sensitivity to a receptor-specific DR agonist poses a challenge for development of traditional DR4 and DR5 agonists. Similar to TRAIL, the dual specificity of Surrobody is expected to overcome the challenge of patient profiling for death receptor expression. Unlike TRAIL, however, death receptor dual agonist Surrobody avoids the problem of decoy receptor binding and is expected to exhibit a long serum half-life characteristic of antibodies for more sustained duration of activity in vivo. Furthermore, synergistic combinations with other anticancer agents, such as that demonstrated with AEG40730 and bortezomib may additionally expand the overall clinical utility into patient populations where death receptor activation alone is insufficient to cause tumor cell death. In addition, detailed preclinical drug safety analysis will be required to assess the promise of dual DR4/DR5 agonist human surrobodies. Altogether, dual agonist DR4/DR5 surrobodies provide a novel approach to the discovery and development of death receptor-targeting anticancer therapeutics, which merit additional investigation. 
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